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COMPRESSION-IGNITION ENGINE PERTORMANOE WITE
UNDOPED AND DOPED FUEL OILS AND ALCOEOL MIXTURES

By Charles S. Moore and Hempton H. Foster
SUMMARY

Several fuel oila, doped fuel oils, and mixtures of
alcohol and fuel oill were tested in a high-speed, single-
cylinder, compression-ignition engine to determine power

output, fuel consumption, and ignition and combustion
cheracterigtics.

Fuel olls or doped fuel olls of high cetane number
hed shorter ignitlonm lags, lower rates of pressure rise,
and zave smoother engine operation than Ffuel oils or doped
fuel oils of low cetane number. Higher engine rotative
speeds and boost pressures resulted in smoother engine op-
eration and permitted the uass of fuel o0ile of relatively
low cetane number. Although the addition of a dope to &
fuel oll decreamsed the ignitlon lag and the rate of pres-
sure rise, the ensulng rate of combustion wae somewhat
slower than for the undoped fuel oill so that the effective-
ness of combustion was practically unchanged. i

Alcohol used as an euxiliary fuel, either as & mixture
or by separate injJection, increased the rates of pressure
rise and induced roughness. In gemeral, ths power output
decreased as the proportion of alcohol increased and, be-
low maximum power, varied with the heating valus of the
totel fuel charge, '

INTRODUCTION

Most publlished experimental investigations of fuels
for compression-ignition engines have been principally
concerned with ignitlon characteristics while engine power
and economy were given but slight consideration ?references
i, 2, 3, and 4). In order to improve the ignitibility of
fuel oils, various compounds have been added for the spe-
cific purpoge of reducing the ignition lag (referonce 5).
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The possibllity has been suggested that  fuel dopes might
be added or superior fuels obtained which will enable a
greator part of the fuel charge to be burned during the
early part of the expansion stroke. Prench reports (rof-
eronces 6 and 7) indicate that tho use of ethyl alcohol

g8 an auvxlliary fuel approclaBly improvoed tho engine power
and tho lgnition characteristics and dooreased the rato of
prossurc risc and the maximum cylinder pressure.

The purpose of the work prescnted in this report weas
to determine the ignition, the combustion, and the engine-
performance characterigtics of several fuol oils, to deo-
termlne the offoct of adding fuel dopes, and to test tho
value of alcohol and gasgoline as auxiliary fuels. The ro-
gults have been accumulated from fosts of new fuels as
they bocams available., Somoe of the fuel dopes submitiod
by private investlgators werc considered to be igaition
and combustion accelerators. Many of the fuels were oxam-
inod by the U.S. Naval Englineering Bxporimont Station at
Annepolis, Md., to determine theilr physical~-chomlcal prop~-
ortles and, ospeclnlly, their cetane numdbers. Tho onginco
tests reported hereoln were mado by the N.A.C.A. during
1936, 1937, and 1938.

PURLS

The fuois testod are roadily classiﬁied into three
distinct groups:

1. Fuol olils,,
2o Doped fueol oils.
3. Auxilianry fuels.

Table I shows the propertiocs of the fuels of groups 1 and
2 as dotermined by the Naval Englnecring Bxporiment Sta-
tion., For the determination of-the cotane number, tho
constant-ignition~lag method and the modlfiecd magnetic
pick~up mothod (reforonces 1 and 2) were usod on a con-
prosslion-ignition converslion unit of the C.F.R. ongine
with the turbulont-type combustion chamber.

Fugl ells.~- Fuel 1 1s the laboratory fuel oil used by
the W.A.C.A. for routine ongine tests. It is a distillate
from a Penmsylvania or equivalent crude oil. (This fuel
is similar to fuel 2 of reference 8.)
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Fuel 2 18 U.S. Navy M-306, specified for aircraft
conpression=-1gnitlon englnes.

Fuel 3 1s = commercial marine fuel oll sold on the
Atlentic seaboard of the United Btates.

Fuel 4 is U.S. Navy 7-0-20, epecified for .general
use in subnarines and small boats.

Fuel 5 1s No., 3 furnace o0ll purchased for boller heoat-
ing.

Doped fuel oils,: Fuel 6 was obtained by adding 1
porcent of ethyl nltrate to the No, 3 furnace oil.

Fuel 7 wase obtalned by adding 2.5 percent of iso-am&i_
nitrate to tho laboratory fuel oil (l.e., %o fuel 1),

Fucl 8 (properties not given 'in table) was obtained
by adding 4 percent of tetranitromethane to the lahoratory
fuel oill.

. Auxilisry fuels.~ Fuel 9 (sce table I) was a mixture
of laboratory fuel oill and 25 percent by volume of 87 oc-
tane gasoline (U.S. Arny Spocificotion No. 2-92, Grade 87).

Fuel 10 (properties not given in table) was labora-
tory fuel oll and commerclal othyl alcohol of 92 percent
purity by weight. Alcohol was used in proportions of 10,
25, 40, and 80 porcent by volumeo of the total fuel charge
when the total charge was mlxed by constant agitation and
injected from a single valve. When the meln and the aux-
iliary fuels wore injected separately from two valves,
equal welghts of alcohol and fuel oil wore used. BRecont
infornation had indicated thilg proportion to be the beet
from considorations of power.

FUBL~-INJECTION SYSTEMS

Tor the fuel oils,. K the dpppd fusl olls, and the gaso-—
lino-fuol oil mixture, only one fuel-linjectlon pump and
one valve woro used. Tho pump was coan opesrated and had
a constant plungeor displaconont with constant start and
variable cut-off of iInjectlon. Filgurc 1 shows the arrange-
nent of the fuel-spray axes and the combustlon chamber
used, For a fucl quentity of 0.00035 pound per cyclo in-
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Jected at 2,000 r.p.m. engine speed,; the injecticn period
wal 23 crank degrees as doeterminod by observations with a
stroborama, a stroboscope of tho elsctrical~discharge typo.

This fuel-lnjoctlon systom was also uscd wvhon the al=~
vwohol and tho fuol o0ll wero nixed beforo injection. Owilng
to inmlscibility of the alcohol and the fuol oll, constant
agltation by a snall high-specd gear pump was roquired to
naintain a uniforn nixture in thoe fuel tanks. The uniforn-
ity of tho nmixture Injocted into the onglno was checkod by
catching sanples of the nmixture in o bottle as 1+t was in-
Jected by the fuel valve into the alr. Tho specific grav-
ity of the snnples indicated that the mixture was within
*1 percont of the desired proportions.

For tho engine toste in which tho alcohol and the fuol
0ll wero soparatoly injecoctoed, two soparate fuel-inJoction
punps ond valves wore uscd; each punp had an indepondent
tining dovice. ZFlguro 2 shows the arrangement of the axos
of tho two fuel sprays. The arrangenent of the aloohol
spray was chosen to give a reasonably uniform distribution
throughout the combustion chamdber without consideration of
the 1interference of the fuel-oil and the alcohol sprays.

TEST RITGINE AND TESTS

The displacer-piston combustion chamdbor and the fuel-
0il spray arrangement used in these tosts (seoc fig. 1)
have been completoely described in reforonces 9 and 10,
The morc important parte of the tost unit and standard
teat conditlons woroc as follows?

Englnoes.veeereevessnsers Single~cylindor, 4-~stroke~
cy¢clo, 5-inch bore by 7-
ineh stroko, (137.5 ocu. in.
displacemont).

Engine specde..caaveceeea 2,000 ropems

Comproasion raticesssress 14.5.

Valve timinge..c.vssese.. Inlot opons 27° B.T.C.
C Inlet closcs 289 A.B.C.

Exhaust opens 66° B,B.O,

Bxhaust closcs 41° A.T.C.
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Operating temporatures... Wator (out), 170° F.;
lubricating oil (out), 165° ¥,

Fuel-injection valvese.e. N.A.C.A. automatic, spring-
loaded to 3,500 pounds por
squarse inch opening pres-
sureo.

Full-=load fuel quantlty.. Fuel-air ratio = 0.069,

Power moasuremont and —
absorptlion..c..csevs.ne EBlectrlic dynamometoer unit.

Alr- and fuel-consumption .

mneasurencntB.icsecesevsss Gasomobter with synchronlzod
cloctrically operated stop
watches ond revolutlon
countors.

,

IndicatOleceosonsscenenses Modifiod Farnboro for indi-
cator cards.

Maximum cylindoer~-prcssure . e e— .
noasuromente ve. ... «.s Trappod-prossure valve and.
prosasure gago; indicontor
eard for balanced pros-
SUYO8.

For each fuel o0l1l, doped fuel, or cuxiliary fuel, on-~
g€lno-porformance tests weroc made at 2,000 r.pem. for vari-
ous fuel quantities to dotormine tho power and tho fuel
consurption, TPhe nmeximun cylindor pressurse, the lgnition
lag, ond the rate of pressuroc rise were determined from in-
dicator cards. Tho injectlon advanco angle was hold con-
stant at 12.0° before top centor for the determination of
ignition lag at 2,000 r.p.n. With a 5- by 6-indh cyle
indor and other equipnont as bofore, supplementary tests
wero nade with o fuel of low cotano numbor (furnacc oil)
at englne speeds from 1,000 to 2,400 r.p.n._ and for boost
prossurcs from O to 20 inches of nercury at 2,000 r.p.n.

Indlcator cards for the laboratory fucl, theo labora-
tory fuel plus 2.5 porcont iso-anyl nitrato, the No., 3
furnanco oil, and the No. 3 furnaco oll plus 1 percent
ethyl nitrate were analyzed to deternince the total amounts -
of effoctivo fuol burnod during various crank anglos of tho
exponsion estroke. By "effoctive fuel burned" 1s meant tho
conbustion of the quantity of fuel required to produce the
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change in onthalpy (total hoeat) recorded on the indicator
dlagrane; the torn does not include the fuel dlssipatoed as
heat losses.

RESULTS AND DISOUSSION

Fuel Oils

The indlcator card of figure 3 1s typlcal for the une
doped fuel oils (group 1) used in oach particular test.
The card shows not only the pressure-~time record fdr tho
standard injection advance anglo but also tho rotarded-in-
Jectlon record required to determine the brock-away from
the comprossion line at tho start of dburning. Filguro 3
can be considered a reforence card bocause the fuel was
the standard laboratory fuel oifl and has a reasonably high
cetane number, 62, The broak-away on all of tho cards 1ls
a gradual changoe in slopo except for No. 3 furmace oll (fig.
4). TFor the No. 3 furnaco o0il, the break-away i1s much moro
abrupt. All of tho cards 1n this group excopt that for the
furnace oll show two dlstlinct rates of proessure rise. Tho
first rate (and tho only rate for the furnaco oil) 1is at-
tributod to the rapld durning of the fuel accumulated dur-
ing tho ignltion long. The second, slower rate occurs up
to tho timo of cut-off of injoection¢ On tho indicator
card for Ho. 3 furnace o0il, a dofinite reduction in com~
prossion pressurc occurs at top centor, owing to the fuel
vaporization and the cooling of the alr charge.

Tho differend combustion characteristics of the sev~
aral fuels are shown in table II, which gives detailed nu-
merical results obtalned from an analysis of:-the indicator
cards. Yor coanstant inJection advance angles,r the ignition
lag decreased with increasing cotane numbor by as nuch as
650 porcent. ~The nmaximum ignition lag, 12.5°, was for the
No. & furhece o1l having a cetane number of 29.9, and tho
ninipun lag, 8.09, wae for the conmercial nmarine fuel oil
having a cotane number of 58.0. InJjection of the labora-
tory or the commercial marine fuel o0il could bo rotarded to
120 after top center before misfiring occurred; inJection
of the furnace. oll, however, could be retarded only to top
center. Rates of pressure rise follow very noarly the ver-
tations of ignition lag; i.e., longer lages cause higher
retes of pressure rise owing to groater accunulations of
fucl at the time of ignition., " Although the maximum cylin~
der pressure did not change groatly, the highost valuc
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occurred with the fuel of lowest cetane number (XNc. 3
furnace oll), as did the roughest running and the harsh-
est combustlon sound., Ignition lag, then, 1is the factor
controlling rates of pressure rise, maximum cylinder '
pressure, and combustlion sound for a given rate of injec-
tion.

No engine-performance curves-arc preaented for the
soveral fuel olls because the moan effective pressures and
tho fuel consumptions were the same for each fuol. Tho
mean offective pressures and the fuel consumptions shown
lator (fig. 10) for undopod laboratory fuol oll are typi-
cal of each of the fuel olls being discussed. The various
fuel olls with the samo injectlion advance angles dbut with
difforent 1lgnition lags gave ldentical power outputs and
fuel consumptions within the limlts of experimental accu-
racy. JFuol olls of low. cetane number, howovor, gave hlgher
belanced c¢ylindor pressuree than fuel oils of high cotane
number, Table I shows that the maximum difference ln heat-
ing values of the fuel-oll group 1s 3 percent, No. 3 fur-
nace oill having the lowest and laboratory fuel '0il having '
the highest values. The low heating value, howover, dld
not reduce the power becausgs more of the fuel burned in
the early part of tho expansion stroke (as will be seeon
later) to glve a moro effective combustion cycle. The dif-
feroncos in the exhaust conditions were nogligidble for all
the fuel oils. It is certain that, of the fuel olls tested,
the fuel of highest cetane number did not give a higher
moan effoctlve pressure or a lower fuel consumption but did
givo smoothor englino operation. .

Engine oporation with the No. 3 furnacc oil being too
rough to be .acceptablo, tosts woro made with a S5~inch by .
6=inch cylinder undor conditions intended %o make tho oper=-
atlon smoother. It was bolieved that the rate of prossure
risce por deogree and the roughness could be roeduced by in-
creasing tho engine speod. As the ongine apecd was in-
creascd from 1,000 to 2,400 r.p.m. (fig. 5), tho angular
rate of pressure rise tondod to decrease and the extreme
roughness decreased to o slight roughnossa. Incroasing the
engine speed not only increases the angular volocity but
also increases forcod air-flow velocity in the comdbustion
chambor. It is this lncrease in mixing air-flow velocltiy
that decreasos ths ignition lag and increasocs the absolute
roto of pressure rise. In a combustion chamber that uses
forced alr fiow to mix the fuel and the alr, tho incressed
angular and alr-flow voloclitloes work angainst each other as
tho engino speed 1is increased; higher air-flow velocitios
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tond to causo fastor fuel mixing and burning and greater

AahanTasdke o ;mmdame AP o siseen - d wrla 4T a b n hdmhaws ammes] n e
QUB0LUTE TAaV0s OF PJ-USBU-J-U &-I-EU' Wikd U VLU LLELUL OSUMUELIVL

volocity causos a lowor rato of prossuro rise per dogroo.
In & qulescent typo of combuation chamber, tho offoct of
tho higher angular veloclty should predominate causing tho
rote of prossure risc por dogroe to docreamc as the ongino
gpood incroeoases.

The results of provious tosts (roforence 10) have
shown that smoother enginc operation resultcd from incroasecd
inlet~nlr pressurc because tho 1lzgnltion lasg and tho rate
of prossurc rige were decroasod. Tho decroasc in ignition
lag is cousod by tho increased hoat por unit volumo and the
greator rate of hoat transfer rathor than dy tho higher
temperature of the comnprosscd air,

Tosts made at full-load fuol quantity with the No., 3
furnaco 0l1l over o rango of boogt prossures o 30 inchos of
nercury gave tho results shown in figure 63 1.0., the on-
glne oporatlion changed from vory rough to slightly rough.
As was expected, tho ignition lag and tho rato of prossure
rise deocroascd althoush, at boost prossures groater than
10 inches of morcury, the roate of pressure rise slightly
incroosed, poesibly bocause of too much injectlon advance,
as borne out by tho rolatively high (roforonce 10) ratio
of explosion proessurc to conpression prossure. In gonoral,
the rosults indicato that highor enginc rotative spoads
aend boost pressures improve enoothnesse of engine operation
and pernit the use of fuel oils of rolatively low cetane
nunbor,.

The ratos of prospure rlse shown ian figuros 6 and 6
ere unusually high. Such valuos are gonorally assoclated
with loud knock and extremely rough engine operation. As
notod on the flgures, roughness was oncounterod but not
destructivo conditionsa.

The docreasc in roughness at the highor specods, dospito
the higher absolute rates of pressure rise shown, nay be
accounted for by fhe fact that thoro is considerably loss
accoleration of the prossuro~-riso rate and that tho duration
of tho ponk prossurc is shortor, .

Doped Fuel 0Oils

The indicator cards shown in figuros 7, 8, and 9 wore
obtained for tho doped fuel olle. Apparently tho addition
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of dope ceaused the break-away t0 become more gredusl and
smooth. (See figs. 4 and 7.) When the break-away oc-
curred very early, as with the doped laboratory fuel (fig,
8), the pressure rise was practlically an extension of the
compression curve so that the pressure-rise.curve and the
.compression curve had & common slope. It 1s also worthy
of note that the reterded-linjection cards indicate more

of & tendency %o constant-pressure combustion when dopo 1s
addad. °

Tahle II includos the ignition and the comdbustion
qualitier of the doped fuel oila, .The addltion of 1 per-
cent of sthyl nitrate to the No. 3 furnace oll inereasod
the cotane numnber from 29.9 to 47.7, The ignition lag and
the rate of pressure rise decreased 13 and 23 percent, ro-
spectively; tho resulting operation was gquite satisfactorye.
The ignition qualitles of the laboratory fuel oll were
good even without the addition of a dopo. The addition of
2.5 percent of iso-anyl nitrate to the laboratory fuel oll’
increased the cetane nunmber from 62.5 to 88.l. The lgni-
tlon lag and .the rate of proessure rise were decreased 23.5
and 4€6.5 percent, rospectively. The sBnoothness of opera-
tlon was further improved and the bresk=saway bocane very
gradual (fig. 8). One dope of unknown composition that
wes submlttod for test by a private investigator had prac-
tically no effoct on the ignition qualities or on the en-
g€ine performance whon added to the laboratory fuol oil in
proportions of X and 2 percent, Anocther private investl-
gator subnitted tetranitronethans as a fuol-oll dope; »
4-percent addition to the laboratory fusl oll decreased
the ignition leg and tho rate of pressure rise by 23 and
35 poercent, respectively. . _

Of the four fuel dopss tested, throo failod to influ~-
ence elthor the mean effoctive pressurc or the fuel con-
sunption. That 1s, although the added dope produced ear-
lier ignition, 1% apparently produced neilther earlicer nor
nore complets combustion of the fuel-charge. Tho addition
of 4 percent of totranitromethane, however, inproved the
brake mean effootlve prossure and the corresponding fuel
consunption 3 porcent. (Sce fig. 10.) The addition of 1
or 2 percent of the dope had practically no offect. The
incroase in maxinum cylinder pressure of about 25 pounds
per sgquare inch for the doped fuel was lnsufficlent to
cause the difference shown in perfornance. The investi-
gator who subnltted the tetranitromethane stated that the
addition of 4 percont would be too expensive to be commor-
cinlly practicable.
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Comparison of Ignitlon Charscteristics

Figure 1l gives a summary of the date on ignitlon lag
end rate of pressure rise from table II plotted agalinst
cetane number. The curves arec streight lines and the
slopes have the valusa that would be expected from a vari-
ation 1n cetane number. The pointe for the commercial
marine fuel oll and for the gasoline-~fuel oll mixture are
farthest from the straight line. The variation of the ig-
nition lag of the marine fuel o0ll is equivalent to only 1°,
which is almost within the procision of the tests. The
point for the gasoline-~fuel oil mixture ls off the curve
because maximum rate of pressure rise is not necessarily
a function of cetano numbdber.

The fuel-oll dopes wore expected to act as combustion
accelerators:lthat 1s, the dope would not only reduce the
ignition lag of a glven fuel but would also cause more fuol
to burn in the early part of the expansion stroke. The .,
effectiveness of combustlon would be improved by decreasing
lato burning and the power output should bhe: lncreased for
a given fuel consumpitlon. 'Engine tosts of tho fuels con-
telning accelerators, however, showed little 1f gny in-
creaso in power malthough the ignition lags did docrease.

The results of the several combustion analyscs are
shown in figure 12i the curves show that the ignition lags
are decrsascod by the fuel dopos, as was proviously deter-
mined dircctly from the indicator cards. In splto of the
difforont times at which 1gnition occurs, tho variations
in tho total anounts of fuocl dburned (or the variations in
effectiveness of combustion) are small during the cycle.
¥hen the curves are shiftoed so that they all rise from the
origin, the rates of burning of tho doped fuel olls are
seon to be slower than thosc for the undoped fuel oils;
that 1s, tho rate of burning for several Begrees after ig-
nition is slower for the doped fuol olls. The fuel oll
with the longost ignition lag, No. 3 furanaco oil, gave tho
fastoest rate of burning at all crank anglos. For all the
undopod and the doped fuel oils, the combustion continues
late in the cycle and, at large loads, is conducive to a
smoky eéxhaust.

Gasoline as Auxiliary Fusl

It was thought that a mixture of 25 porcent gasoline
and 75 percent fuel oil (sco table I and fig. 13) would
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evaporate faster than fuel o0il alone and that more of the
total fuel charge would burn earller than for undoped
fuels. The fuel oll was expected to lgnite first, owing
to its lower ignitlon temperature, but the gasoline was
expected to evaporate more gquickly than the fuel oil and
to produce better combustion during the early part of the
expansion stroke. The cetane number of the mixture was
42,4, however, compared with 62,5 for the fuel oll alone
end the ignitlon lag in the engine was increased 17-1/2
percont, possidbly owing to the cocoling sction of the rap-
1dly evaporating gascline. The rate of preasiife rise de~
creascd 14 percent, the maximum cylinder pressure decroascd
4 percent, and the combustion sound, unexpectedly, became
very low.

The addltlon of 26 percent gasoline to fuel oil
greatly increasced the fire hazard becauss, as table I
shgws, i1t decreased the flash point from 236°¢ F. to below
80%° ¥,

The ongline-performance test of the gasolins-fuel oil
mlxture showed that the mean effodctlve pressurse was 3 per-
cent lowser than for fuel 01l alone and that the fuel con-
sumption increased. As theo heating value of tho fuel mix-
ture was the same as for a like welght of fuel oll, the
effect of the gasocline must have been to cause slowor
rather than faster burning with a consequent decreasc in
power. : Co-

Mixed Injectlon of Alcohol and Fuel 01l

From the indicator cards, of which figure 14 1s rep=
resentative, the addition of alcohol is seen %to have 1n-~
creased the lgnition lag by as much as 88 percent for the
40-percent alcohol mixture. The cause of this largo in-
crease may have been the cooling of the fuel and the alr
charge by evaporation of the alcohol. As usual with 1n-
oreased lgnition lags, the rate of prossure rise (fig. 15),
the maximum cylinder pressure, and the roughnesg lncreased
wlth increased percentages of alcohol unti}l roughness be-
come intolerable. A mixture of 80 porcent alcohol and 20
percent fuocl oll could not be ignited at a compression ra-
tio of 14,6. The spontaneous ignition tompérature of fuel
oll ig about 500° P, and that of alcochol is about 1,025° F.
(roforence 11). The high ignition tomporature required by
alcohol and the excessive cooling of the fuel and air mix-
ture by evaporation of the large percentage of alcohol
must have been responsible for suppressing ignition.
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Engine power, decronsed and fusl consumptlion incroascd
(fig. 16) as the proportion of alcohol was incrocased, ocs-
pecially for mixtures with moro than 25 percent slcohol.
The hoatlng value was 19,900 B.t.u. por pound Ffor the fuel
01l and 11,700 B.t.,u. per pound for the 80 porcent pure
alcohol so that power comparlisons arce moroe falirly made on
a basis of equal heat input. On this basis (fige. 15), tho
uvao of alcohol was morc favorable; for conditlons of no
oxceoss cir, the power romeincd practically constant wilith
varlations in thoe porcoentage of alecohol. Of gourse, nore
total wolght of fuol oll and alcohol is roquired, o fac-
tor which -alone procludos the uso of alcohol in compres-
glon-ignitlon engines for alrcraft.

Soparaoto Injectlon of Alcohol and Fuol 0il

Tho saddltion of a small chargo of alcohol to the
fuel=-o0il charge consgideoredbly lowered the sound of combus~
tion. At tho start of oxhaust hago, a small addod chargo
of slcohol slightly .incrcased tho power and tlie exhaust
becane a whito smoke. For the 50 percemt alocohol and 50
porcent fuol oll mixture by woight, the engine oporstion
was alwoys rough. Whon tho alcohol was inJected oither
15° boforo the fuel oil or loading the fuel oll by 293°,
ane during the i1ntako stroke, the ongino oporation was rough
and unstoady and the fuel-oil injoction advance angle bo-
cano critical. InJoction of the nlcohel 169 after the fuel
01l causcd the oxhaust to boconme a whito snoke without in-
fluencing power (fig. 17).

Simultancous injoction of fuocl o0il from both fuel
valvos (fig. 2) grve lower brake nmenn offectivo pressuros
(fig. 17) then injoction of tho same fuol quantity fron
onoc fuel valve (fig. 1) doudbtless becasusc overrich roglons
occurred ot tho zonos of spray intorforence. For tho
simultancous ‘injoctlion of fuel oll and alcohol, o sinilar
interforonce occurrcd and combustion was probably adversoly
influonced. Conparlson of performance, however, is consid-
ored indicative. In the study of figurec 17, 1t should be
rononberod that the alr chargo is sufficiont to roquire
but 0.00034 pound of fucl oil for conplete combustion. At
all ozecopt vory large fuel quantities, tho power 1ls lower
for tho half-alcohol and half-fucl~-oll chargo "becauso of
the lowor hoating value of the alcohol of givon ckargo
‘wolghte

It was belioved that injoctioen of alcohol on the in-
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takc stroke might increase theo volunetric efficiency by
cooling of thoe inconing—-alr chargo. Volumotric efficloncy
tests showed that the alr charge was slightly loss, pos-—
81bly becauso tho air flow into tho ceylinder was obstruct—
ed by tho fuol sproy and posslibly becausc tho alcohol
eveporatod quickly from the hot chambor walls to holp f£ill
the cylindor. Tho vory carly injoction of tho alcohol 4dild
&lve noro tine for vaporization and nlxing with tho alr
charge and was advantageous, as oevldoncod by the fact thet
the maxinun power was hlgher by 4 porcont than for any
othor condition of injoection, -

CONCLUSIONS

l, Fuel olls of hizh cetane numboer gave no nore power
than fuel olls of low cetane nunbor but had less ignition
lag, lowor rates of prossure risc, and smoothor englne op-
eration over a conplete load range ot 2,000 r.p.ne

2. Increased onglne epsods and booat proessures rosuli-
od 1n snoother eagine oporation andé pornittod tho use of
fuel o0lls of low cetane nunber.

3. Fuel dopes decroased ignition lags and ratos of
prossure rise and incrocased smoobthness of engine opera~
tlon. The addltlion of 4 perceant tetranitronethane in-
creased engine power by less than 3 percent.

4, Fuel dopes lnproved nelther the completeness norx
the effoctiveness of combustion,

5+ Alcohol as an auxlliary fuel, in gonoral, dcecreased
power aB the proportion of malcohol increasecd. Any increases
in power obtailnoed by double injection 4id not excoed 4 por—
cent and wero obtained at tho oxponso of inecreascd fuel
consumptlion. Alcohol incrocascd the igntlion lazg, the rate
of pressuro rise, and the roughness of operation.

Langloy Memorial Aeronautical Léboratory,
Natlonal Advisory Committee for Aeronautics,
Langloy Fleld, Va., Junc 23, 1939,
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